Chalcones are naturally occurring phytochemicals with diverse biological activities including antioxidant, antiproliferative, and anticancer effects. Some studies indicate that the antiproliferative effect of chalcones may be associated with their pro-oxidant effect. In the present study, we evaluated contribution of oxidative stress in the antiproliferative effect of acridine chalcone 1C ((2 E)-3-(acridin-9-yl)-1-(2,6-dimethoxyphenyl)prop-2-en-1-one) in human colorectal HCT116 cells. We demonstrated that chalcone 1C induced oxidative stress via increased reactive oxygen/nitrogen species (ROS/RNS) and superoxide production with a simultaneous weak adaptive activation of the cellular antioxidant defence mechanism. Furthermore, we also showed chalcone-induced mitochondrial dysfunction, DNA damage, and apoptosis induction. Moreover, activation of mitogen activated phosphokinase (MAPK) signalling pathway in 1C-treated cancer cells was also observed. On the other hand, co-treatment of cells with strong antioxidant, N-acetyl cysteine (NAC), significantly attenuated all of the above-mentioned effects of chalcone 1C, that is, decreased oxidant production, prevent mitochondrial dysfunction, DNA damage, and induction of apoptosis, as well as partially preventing the activation of MAPK signalling. Taken together, we documented the role of ROS in the antiproliferative/pro-apoptotic effects of acridine chalcone 1C. Moreover, these data suggest that this chalcone may be useful as a promising anti-cancer agent for treating colon cancer.
Introduction
Chalcone, (E)-1,3-diphenyl-2-propene-1-one, has been reported as being a precursor in flavonoid synthesis [1] . Similar to flavonoids, chalcones have already been documented as exhibiting several biological activities, including antioxidant [2] , anti-inflammatory [3] , antibacterial and antifungal [4] , antiprotozooal [5] , immunomodulatory [6] , and antiangiogenic [7, 8] effects. Furthermore, antiproliferative/antitumor activities of chalcones have also been intensively studied [9] [10] [11] [12] [13] [14] . The available studies revealed multitargeted activity of chalcones including various kinases [15] , microtubules [16] , multidrug-resistance proteins [17] , or different signalling pathways associated with 2.6. Western Blot Analysis HCT116 cells were treated with compound 1C (10 µM), NAC (2.5 mM), or their mutual combinations for 24, 48, and 72 h. Protein lysates from HCT116 cells were prepared using a lysis buffer containing 1 mol/L Tris/HCl (pH 6.8), glycerol, 20% SDS (sodium dodecyl sulphate), and deionized H 2 O in the presence of PIC (protease inhibitor cocktail) and a process of sonication. The concentration of proteins was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, United States) and measured using an automated Cytation 3 Cell Imaging Multi-Mode Reader (Biotek) at wavelength 570 nm. Forty micrograms of total cellular proteins were separated on SDS-PAA gel (12%) at 100 V for 2 h and electrotransferred onto PVDF Blotting Membrane (GE Healthcare, Chicago, IL, United States) at 200 mA for 2 h using a BioRad Mini Trans-Blot cell (BioRad, Hercules, CA, USA). The membrane was then blocked in 4% milk with TBS-Tween (pH 7.4) for 1 h at room temperature to minimize non-specific binding. After that, the membrane was incubated with primary antibodies overnight at 4 • C. Immunoblotting was carried out with the antibodies stated below ( Table 2) . After incubation with primary antibodies, membranes were washed in TBS-Tween (3 × 5 min) and incubated with corresponding horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After incubation and washing of membranes (3 × 5 min with TBS-Tween) the expression of selected proteins was detected by chemiluminescent ECL substrate (Thermo Scientific, Rockford, IL, USA) and MF-ChemiBIS 2.0 Imaging System (DNR Bio-Imaging Systems, Jerusalem, Israel). 
Statistical Analysis
Results are expressed as mean ± standard deviation (SD). Statistical analysis of the data was performed using standard procedures, with one-way ANOVA followed by the Bonferroni multiple comparisons test. Values of p < 0.05 were considered as being statistically significant.
Results

Viability of HCT116 Cells after 1C and NAC Treatment
To verify our hypothesis that the antiproliferative effect of 1C could be associated with free radical production, we analysed viability/proliferation of HCT116 cells exposed to 1C (10 µM) alone or in combination with NAC (0.3 mM, 0.5 mM, 1 mM, 1.5 mM, 2 mM, 2.5 mM). After 72 h of incubation, 1C significantly decreased HCT116 cell viability. However, when combined with NAC, the effect of 1C on cell proliferation was significantly attenuated. A significant protective effect of NAC was observed at the concentration range of 1.0-2.5 mM (Figure 1) . These results suggest that NAC exhibits an antagonistic effect on 1C-induced decrease in cell viability. Moreover, NAC in used concentrations had no inhibitory effect on HCT116 cell proliferation ( Figure 1B ). For further experiments, 2.5 mM concentration of NAC was selected as non-toxic.
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Viability of HCT116 Cells after 1C and NAC Treatment
To verify our hypothesis that the antiproliferative effect of 1C could be associated with free radical production, we analysed viability/proliferation of HCT116 cells exposed to 1C (10 µM) alone or in combination with NAC (0.3 mM, 0.5 mM, 1 mM, 1.5 mM, 2 mM, 2.5 mM). After 72 h of incubation, 1C significantly decreased HCT116 cell viability. However, when combined with NAC, the effect of 1C on cell proliferation was significantly attenuated. A significant protective effect of NAC was observed at the concentration range of 1.0-2.5 mM ( Figure 1 ). These results suggest that NAC exhibits an antagonistic effect on 1C-induced decrease in cell viability. Moreover, NAC in used concentrations had no inhibitory effect on HCT116 cell proliferation ( Figure 1B ). For further experiments, 2.5 mM concentration of NAC was selected as non-toxic. Figure 1 . HCT116 cell proliferation treated with chalcone 1C ((2 E)-3-(acridin-9-yl)-1-(2,6dimethoxyphenyl)prop-2-en-1-one) alone (A) or in combination (N-acetyl cysteine (NAC)/1C) (B) and after NAC dilutions (C). Data were obtained from three independent measurements. Significantly different a p < 0.05, b p < 0.01, c p < 0.001 vs. untreated cells (control); ** p < 0.01, *** p < 0.001 vs. 1C.
NAC and 1C-Induced Oxidative Stress
In order to verify the abovementioned hypothesis that the cytotoxic effect of 1C in HCT116 cells could be related to oxidative stress, we performed several analyses focused upon free radical production or antioxidant system activity.
The results presented in Figure 2A and Figure S1 show that ROS started to be increased from 6 h of treatment (p < 0.05) when compared to control (untreated cells). This trend continued after 24 h, 48 h, and 72 h of treatment (p < 0.05; p < 0.001). Opposite to ROS, we observed a moderate decrease in RNS ( Figure 2B and Figure S1 ) production after 6 h of incubation (p < 0.05). On the other hand, significant increase in RNS production after 24 h, 48 h, and 72 h of treatment was observed (p < 0.01;
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The results presented in Figure 2A and Figure S1 show that ROS started to be increased from 6 h of treatment (p < 0.05) when compared to control (untreated cells). This trend continued after 24 h, 48 h, and 72 h of treatment (p < 0.05; p < 0.001). Opposite to ROS, we observed a moderate decrease in RNS ( Figure 2B and Figure S1 ) production after 6 h of incubation (p < 0.05). On the other hand, significant increase in RNS production after 24 h, 48 h, and 72 h of treatment was observed (p < 0.01; p < 0.001).
In order to find out how superoxide may contribute to 1C-induced cytotoxicity, we performed a direct measurement of superoxide anion levels after treatment with 1C ( Figure 2C and Figure S1 ). Except in the first hour of incubation, treatment of HCT116 cells with 1C significantly increased production of superoxide (p < 0.05; p < 0.01 vs. control). In both cases, co-treatment of cells with NAC significantly decreased either ROS or superoxide production (p < 0.05; p < 0.01; or p < 0.001 vs. 1C treated cells). p < 0.001). In order to find out how superoxide may contribute to 1C-induced cytotoxicity, we performed a direct measurement of superoxide anion levels after treatment with 1C (Figures 2C and Figure S1 ). Except in the first hour of incubation, treatment of HCT116 cells with 1C significantly increased production of superoxide (p < 0.05; p < 0.01 vs. control). In both cases, co-treatment of cells with NAC significantly decreased either ROS or superoxide production (p < 0.05; p < 0.01; or p < 0.001 vs. 1C treated cells).
Some of the well-known consequences of free radical generation are peroxidation of polyunsaturated fatty acids and DNA damage. As our results showed (Figures 2D and Figure S1 ), treatment of HCT116 cells with 1C led to a significant increase in lipid peroxide level after 24 h, 48 h, and 72 h of incubation when compared to the control (p < 0.05; p < 0.01). No significant increase in lipoperoxide level was observed after shorter times of incubation (1, 3, and 6 h; Figure S1 ). 8-Oxo-7,8-dihydroguanine (8-oxoG) is the main product of oxidative DNA damage. Because of the clear correlation between free radical production and 8-oxoG creation, it is a frequently used cellular marker of oxidative stress. As shown in Figure 3 , 1C significantly increased levels of 8-oxoG in all treatment periods (24, 48, and 72 h; p < 0.001). Compared with 1C treatment alone, NAC cotreatment at a dose of 2.5 mM significantly reduced some parameters of oxidative stress. Production of ROS and RNS was significantly decreased in 1C/NAC-treated after 24, 48, and 72 h of incubation (p < 0.05; p < 0.01). Similarly, significant reduction in lipid peroxides was observed in NAC-co-treated HCT116 cells (p < 0.01; p < 0.001). NAC also attenuated oxidative DNA damage. After 2.5 mM NAC addition, 8-oxoG level significantly decreased (p < 0.001) as compared with 1C alone treatment. Some of the well-known consequences of free radical generation are peroxidation of polyunsaturated fatty acids and DNA damage. As our results showed ( Figure 2D and Figure S1 ), treatment of HCT116 cells with 1C led to a significant increase in lipid peroxide level after 24 h, 48 h, and 72 h of incubation when compared to the control (p < 0.05; p < 0.01). No significant increase in lipoperoxide level was observed after shorter times of incubation (1, 3, and 6 h; Figure S1 ). 8-Oxo-7,8-dihydroguanine (8-oxoG) is the main product of oxidative DNA damage. Because of the clear correlation between free radical production and 8-oxoG creation, it is a frequently used cellular marker of oxidative stress. As shown in Figure 3 , 1C significantly increased levels of 8-oxoG in all treatment periods (24, 48, and 72 h; p < 0.001). Compared with 1C treatment alone, NAC co-treatment at a dose of 2.5 mM significantly reduced some parameters of oxidative stress. Production of ROS and RNS was significantly decreased in 1C/NAC-treated after 24, 48, and 72 h of incubation (p < 0.05; p < 0.01). Similarly, significant reduction in lipid peroxides was observed in NAC-co-treated HCT116 cells (p < 0.01; p < 0.001). NAC also attenuated oxidative DNA damage. After 2.5 mM NAC addition, 8-oxoG level significantly decreased (p < 0.001) as compared with 1C alone treatment.
Furthermore, because oxidative stress is the result of pro-oxidants/antioxidants disbalance, we also studied effect of 1C on endogenous antioxidant status. Reduced glutathione and GSH-related enzymes play an important role in protection against reactive species produced during oxidative stress. As presented in Figure 4A and Table S1 , the content of GSH in 1C-treated cells was biphasic, with the highest level after 6 and 48 h of treatment. In addition, decrease in GSH content was detected after 24 h of incubation. Activity of GSH-related enzyme was time-dependent. Treatment of HCT116 cells with 1C resulted in increased activity of GPx and GR after 24 h of incubation only. On the other hand, activity of GST was increased during the whole course (Figure 4B-D; Table S1 ). NAC modulated GSH content as well as activity of GSH-related enzymes. The content of GSH in 1C/NAC-treated cells was increased after 6 and 48 h of treatment and decreased after 24 h of treatment. This biphasic response was also observed in 1C-only-treated cells, however, combination with NAC increased content of GSH in a more appreciable manner. Moreover, NAC increased activity of GPx, GR, and GST when compared to 1C-treated cells. Furthermore, because oxidative stress is the result of pro-oxidants/antioxidants disbalance, we also studied effect of 1C on endogenous antioxidant status. Reduced glutathione and GSH-related enzymes play an important role in protection against reactive species produced during oxidative stress. As presented in Figure 4A and Table S1 , the content of GSH in 1C-treated cells was biphasic, with the highest level after 6 and 48 h of treatment. In addition, decrease in GSH content was detected after 24 h of incubation. Activity of GSH-related enzyme was time-dependent. Treatment of HCT116 cells with 1C resulted in increased activity of GPx and GR after 24 h of incubation only. On the other hand, activity of GST was increased during the whole course (Figure 4B-D; Table S1 ). NAC modulated GSH content as well as activity of GSH-related enzymes. The content of GSH in 1C/NACtreated cells was increased after 6 and 48 h of treatment and decreased after 24 h of treatment. This biphasic response was also observed in 1C-only-treated cells, however, combination with NAC increased content of GSH in a more appreciable manner. Moreover, NAC increased activity of GPx, GR, and GST when compared to 1C-treated cells. Furthermore, because oxidative stress is the result of pro-oxidants/antioxidants disbalance, we also studied effect of 1C on endogenous antioxidant status. Reduced glutathione and GSH-related enzymes play an important role in protection against reactive species produced during oxidative stress. As presented in Figure 4A and Table S1 , the content of GSH in 1C-treated cells was biphasic, with the highest level after 6 and 48 h of treatment. In addition, decrease in GSH content was detected after 24 h of incubation. Activity of GSH-related enzyme was time-dependent. Treatment of HCT116 cells with 1C resulted in increased activity of GPx and GR after 24 h of incubation only. On the other hand, activity of GST was increased during the whole course ( Figure 4B -D; Table S1 ). NAC modulated GSH content as well as activity of GSH-related enzymes. The content of GSH in 1C/NACtreated cells was increased after 6 and 48 h of treatment and decreased after 24 h of treatment. This biphasic response was also observed in 1C-only-treated cells, however, combination with NAC increased content of GSH in a more appreciable manner. Moreover, NAC increased activity of GPx, GR, and GST when compared to 1C-treated cells. 
Effect of NAC on Cell Cycle
We evaluated the cell cycle distribution of chalcone 1C-treated cells by flow cytometry. As shown in Figure 5 and Table 3 , 1C induced a significant cell cycle arrest at G 2 /M phase after 24 h (p < 0.001) of incubation, and cell cycle progression was also arrested after 48 and 72 h of incubation (p < 0.01). Moreover, we also found a significant increase in number of cells with sub-G 0 /G 1 DNA content, which is considered a marker of apoptosis (p < 0.01). Compared with 1C treatment alone, NAC (2.5 mM) co-treatment completely prevented G 2 /M cell cycle arrest. In addition, NAC also significantly reduced number of cells with sub-G 0 /G 1 DNA content.
which is considered a marker of apoptosis (p < 0.01). Compared with 1C treatment alone, NAC (2.5 mM) co-treatment completely prevented G2/M cell cycle arrest. In addition, NAC also significantly reduced number of cells with sub-G0/G1 DNA content.
Overall, results of cell cycle analysis suggested that ROS production participated in G2/M phase arrest. Overall, results of cell cycle analysis suggested that ROS production participated in G2/M phase arrest.
Because the analysis of the cell cycle showed the participation of free radicals in 1C-induced apoptosis, we provided a set of following experiments to study the detailed role of ROS (free radicals) in cell death processes.
Effect of NAC on the Presence of Apoptotic Markers
Execution of apoptosis results in the consecutive display of different biochemical markers including phosphatidylserine externalization, release of pro-apoptotic proteins, and caspase activation.
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Phosphatidylserine Externalization
To explain the association between oxidative stress and 1C-induced cell death, double annexin V/PI (propidium iodide) staining was used, and measurements were conducted after incubation of HCT116 cells with 1C, NAC, or both. As depicted in Figure 6 and Table 4 , 1C significantly reduced the percentage of living cells after 24 h of incubation, and this effect was noticed also after 48 and 72 h incubation (p < 0.001). Furthermore, the increase in the population of apoptotic and dead cells was also observed. However, compared with that in groups treated with 1C alone, the number of living cells significantly increased with the concomitant decrease of apoptotic and dead cells after co-treatment with NAC (p < 0.05, p < 0.01, and p < 0.001). The results are presented from three independent measurements as the mean ± standard deviation The results are presented from three independent measurements as the mean ± standard deviation (SD). Significantly different b p < 0.01, c p < 0.001 vs. untreated cells (control); * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 1C.
Cytochrome c and Smac/DIABLO Release
One of key apoptotic events is the release of cytochrome c and Smac/DIABLO from mitochondria to cytosol. Incubation of HCT116 cells with 1C led to a significant release of both cytochrome c and Smac/DIABLO protein after 24, 48, and 72 h of treatment. Release of both proteins was significantly attenuated by NAC co-treatment in all time periods studied (p < 0.05, p < 0.01, and p < 0.001) indicated role of free radicals in mitochondrial membrane permeabilization and apoptosis induction ( Figure 7A,B) .
After releasing into the cytosol, cytochrome c forms apoptosome with subsequent activation of caspase-3 and -7 (executioner caspases), which mediate many features of apoptosis. As we found, treatment of HCT116 cells with 1C led to significant activation of caspase-3 in all time periods (p < 0.01; p < 0.001). On the other hand, significant suppression of caspase-3 activation was seen in 1C/NAC co-treated cells (p < 0.5 and p < 0.01 vs. cells treated with 1C alone) ( Figure 7C ). Moreover, Western blot analysis also showed that 1C increased levels of cleaved (activated) caspase-7, mainly after 48 and 72 h treatment, and NAC was able to abolish this effect ( Figure 7D ).
PARP Cleavage
The activation of caspase-3 and -7 has been confirmed by the cleavage of PARP (substrate for caspases) using Western blot analysis. The level of cleaved PARP in 1C-treated HCT116 cells increased (48 and 72 h of incubation) as shown in Figure 7D , indicating the activation of caspasedependent apoptosis. This analysis also revealed that the levels of cleaved PARP were markedly suppressed in NAC-co-treated HCT116 cells. 
Effect of NAC on 1C-Induced Mitochondrial Dysfunction, Bcl-2 Phosphorylation, and DNA Damage
Mitochondrial Membrane Potential
It is well known that mitochondria are involved in the regulation of various functions related to cell survival or cell death. Mitochondrial membrane potential plays crucial role in mitochondria homeostasis, and long-lasting drop of it may be associated with apoptosis. As shown in Figure 8 , we observed a significant decrease of MMP in chalcone 1C-treated HCT116 cells (p < 0.01; p < 0.001). By contrast, 1C/NAC co-treatment completely rescued HCT116 cells from mitochondrial membrane potential collapse (p < 0.01, p < 0.001 vs. 1C alone). 
Caspase-3 and -7 Activation
PARP Cleavage
The activation of caspase-3 and -7 has been confirmed by the cleavage of PARP (substrate for caspases) using Western blot analysis. The level of cleaved PARP in 1C-treated HCT116 cells increased (48 and 72 h of incubation) as shown in Figure 7D , indicating the activation of caspase-dependent apoptosis. This analysis also revealed that the levels of cleaved PARP were markedly suppressed in NAC-co-treated HCT116 cells.
Effect of NAC on 1C-Induced Mitochondrial Dysfunction, Bcl-2 Phosphorylation, and DNA Damage
Mitochondrial Membrane Potential
Bcl-2 Phosphorylation
The function of anti-apoptotic Bcl-2 protein depends on phosphorylation status, and Bcl-2 phosphorylation suppresses its anti-apoptotic activity. Treatment of HCT116 cells with 1C led to a significant increase in phosphorylation of Bcl-2, thus enabling the initiation of intrinsic apoptotic cascade. In contrast to 1C, addition of NAC completely abolished Bcl-2 phosphorylation, thus preventing further apoptotic events (p < 0.001 vs. 1C alone) ( Figure 9 ). 
DNA Damage
Xenobiotic-induced DNA damage often leads to activation of DNA repair machinery including histone H2A.X, ATM (ataxia telangiectasia mutated kinase), and SMC1 protein (structural maintenance of chromosomes 1). Our results showed activation (i.e., phosphorylation) of all of the aforementioned markers of DNA damage (p < 0.01; p < 0.001) in 1C-treated cells (Figure 10A-D) . Similarly to our previous experiments, co-treatment of HCT116 cells with 1C/NAC significantly prevented phosphorylation of all proteins (p < 0.05, p < 0.01, and p < 0.001 vs. 1C alone). 
Bcl-2 Phosphorylation
DNA Damage
Xenobiotic-induced DNA damage often leads to activation of DNA repair machinery including histone H2A.X, ATM (ataxia telangiectasia mutated kinase), and SMC1 protein (structural maintenance of chromosomes 1). Our results showed activation (i.e., phosphorylation) of all of the aforementioned markers of DNA damage (p < 0.01; p < 0.001) in 1C-treated cells ( Figure 10A-D) . Similarly to our previous experiments, co-treatment of HCT116 cells with 1C/NAC significantly prevented phosphorylation of all proteins (p < 0.05, p < 0.01, and p < 0.001 vs. 1C alone). 
Phosphorylation of p38 MAPK, JNK, and ERK1/2 Was Reduced by NAC
Because mitogen-activated protein kinase (MAPK) pathway plays an important role in apoptosis regulation, we investigated the effect of 1C on the MAPK pathway proteins, including p38 MAPK, JNK, and ERK1/2 (Extracellular signal-regulated kinase 1/2).
Findings of flow cytometry as well as Western blot analysis revealed that treatment of HCT116 cells with 1C induced an increase of the phosphorylated form of MAPK proteins at specific times (mainly after 48 and 72 h of incubation) compared to control ( Figure 11A-D) . However, partial reduction of MAPK protein phosphorylation was detected when NAC was used. This effect was significant after 48 and 72 h of treatment (p < 0.01 and p < 0.001 vs. 1C alone). 
Discussion
Although free radicals are involved in several physiological functions [40] , uncontrolled ROS production in cells can lead to oxidative stress followed by damage of biomacromolecules, including DNA, proteins, or lipids, resulting in cell death [41] . Oxidative stress has also been linked to several diseases such as diabetes mellitus, neurodegenerative and cardiovascular diseases, and cancer [42] . Besides the endogenous antioxidant system, exogenous antioxidants, mainly phytochemicals, play an important role in the protection of cells and tissues against oxidative stress [43] . Among phytochemicals, polyphenols have been intensively studied in recent years due to their antioxidant properties [44, 45] . However, in recent years, some studies have documented pro-oxidant activity of several antioxidants including polyphenols [46, 47] . As was mentioned above, increased production of ROS can lead to oxidative stress and even to cell death. It should be noted that cancer cells, due to higher concentration of some ions and greater metabolic activity [48, 49] , are more susceptible to oxidative stress in comparison with non-cancer cells, and this phenomenon explains the higher sensitivity of cancer cells to pro-oxidants [50] .
Chalcones have attracted researchers' attention as potential anticancer compounds because of their multi-target action together with simple chemistry, as well as their low toxicity [17] . Recently, we documented excellent antiproliferative action of 1C acridine chalcone in HCT116 cells [11] . In the last decade, some articles indicated a relationship between the antiproliferative effect and induction of oxidative stress in both natural and synthetic chalcones [51] [52] [53] [54] . This fact prompted us to evaluate the role of ROS/RNS in the antiproliferative and proapoptotic effect of chalcone 1C.
Our results showed that co-treatment of HCT116 cells with 1C and antioxidant NAC significantly attenuated 1C-induced decrease of cancer cell survival. Because this finding indicates possible involvement of free radicals in 1C action, we further evaluated some parameters of oxidative stress. 
Our results showed that co-treatment of HCT116 cells with 1C and antioxidant NAC significantly attenuated 1C-induced decrease of cancer cell survival. Because this finding indicates possible involvement of free radicals in 1C action, we further evaluated some parameters of oxidative stress.
Firstly, we detected increased levels of ROS after 24, 48, and 72 h of treatment. Moreover, using specific indicators, we also detected higher concentrations of superoxide and nitric oxide (NO). It has been demonstrated that reaction of NO and superoxide resulted in production of peroxynitrite, a highly reactive oxidant that is probably responsible for cytotoxicity both of these oxidants [55, 56] . Interaction of peroxynitrite with membrane polyunsaturated fatty acids often results in lipid peroxidation [57] . In line with this evidence, we also detected significant increase of lipid peroxides in 1C-treated cells.
Secondly, because oxidative stress is a result of imbalance between pro-oxidants and antioxidants, we further evaluated effect of 1C on the intracellular antioxidant defence mechanism. Treatment of HCT116 with 1C significantly influenced GSH, GRH, and GPx. We found a biphasic effect of 1C on GSH levels, with a significant decrease after 24 h of incubation. This decrease of GSH levels was associated with increased activity of GR. Because GR catalyses reduction of oxidized glutathione to GSH [58] , we suggest that the increase in GR activity could be an adaptive cellular mechanism to GSH depletion. Moreover, in the same time of incubation, we detected the highest increase in lipid peroxide production and increase in GPx activity. Because the role of GPx is to catalyse reduction of different peroxides including lipid peroxides [59] , increase in GPx activity may be a consequence of lipid peroxide overproduction.
On the basis of the aforementioned findings, we considered the fact that increased generation of free radicals and simultaneous weak adaptive activation of endogenous antioxidant system results in oxidative stress and subsequent cell death. Our hypothesis also supports the fact that the addition of NAC significantly decreases the antiproliferative potential of 1C and increases cell survival.
In addition to lipid peroxidation, ROS can also induce DNA damage [60] . Accordingly, in 1C-treated cells, we observed significant increase of 8-oxo-7,8-dihydroguanine, the oxidation product of guanine, which is considered as a marker of oxidative damage of DNA [61] .
Damage of DNA usually results in activation of the DNA damage response (DDR) system, which involves DNA damage detection, cell cycle arrest, and activation of repair mechanisms, followed by survival or cell death [62] . The key role in DDR is played by H2A.X, which is activated by phosphorylated ATM. Activated, that is, phosphorylated H2A.X (termed γ-H2A.X) is important for recruitment of repair proteins to DNA damage sites. Moreover, it is also considered as an indicator of DNA double-strand breaks [63] . Several genotoxic agents that cause DNA double-strand breaks, such as anthracycline antibiotics, cisplatin, or etoposide, facilitate γ-H2A.X formation. In addition, another component of DDR network phosphorylated by ATM is the SMC1 protein [64] . In the present work, we observed activation of these DDR components in 1C-treated cells indicating DNA damage. Together with the observation that 1C increased 8-oxoG levels and NAC significantly prevented either 8-oxoG production or activation of DDR markers, we suggest that 1C induced oxidative damage of DNA. To the best of our knowledge, this is the first study reporting that chalcone induces oxidative DNA damage in colorectal cancer cells. Recently, Gil and co-workers [65] presented ROS-mediated DNA damage in human lung cancer cells, which support our findings related to role of ROS in the antiproliferative effect of chalcones.
A significant amount of damage from biomacromolecules, caused by oxidants, can lead to cell death [66] . Results shown in this paper, together with our recently published data [11] , suggest that chalcone 1C induces apoptosis associated with mitochondrial dysfunction. Today, it is without doubt that mitochondria play an important role in apoptosis. Permeabilization of the mitochondrial outer membrane (MOM) allows translocation of proteins localized in the intermembrane space to cytosol with subsequent caspase activation and apoptotic cell death [67] . In the present work, we found a significant increase of cytoplasmatic levels of cytochrome c, Smac/DIABLO, and activation of executioner caspase-3 and -7. Once cytochrome c is released, binds to apoptotic protease-activating factor 1 (APAF-1) in the presence of deoxyadenosine triphosphate to form the apoptosome [68] with subsequent activation of downstream effector caspases and initiation of apoptosis. In addition, Smac/DIABLO protein, by inhibiting of IAP (inhibitor of apoptosis protein) function, allows caspases to activate apoptosis [69] . Permeabilization of MOM is regulated by pro-and anti-apoptotic proteins of the Bcl-2 family. For example, it has been demonstrated that over-expression Bcl-2 blocks the release of cytochrome c from the mitochondria to cytosol and prevents cell death [70] . Our experiments showed increased levels of phosphorylated anti-apoptotic Bcl-2 protein, which led to loss of its function.
Apoptotic machinery can be activated in response to different stimuli, and ROS are one form of them [71] . The results presented here clearly documented the role of ROS in 1C-induced mitochondrial dysfunction and apoptosis. The addition of antioxidant NAC to HCT116 cancer cells decreased the release of cytochrome c and Smac/DIABLO proteins, activation of caspase-3 and -7, and PARP cleavage, as well as phosphorylation of Bcl-2 proteins. Moreover, NAC almost completely prevented 1C-induced loss of mitochondrial membrane potential. Although it is not clear if loss of MMP is an early event or consequence in apoptosis, it is broadly accepted that decrease of MMP can be associated with mitochondrial dysfunction and apoptosis as well [72] .
It has been shown that MAPKs are involved in regulation of many cellular processes including cell growth, survival, and apoptosis [73] .
It has been suggested that JNK phosphorylation activates apoptosis in response to different types of stress [74] . Moreover, the ability of activated JNK to release pro-apoptotic proteins such as cytochrome c and Smac/DIABLO has also been documented [75] . Similarly to JNK, phosphorylation of p38 also can be involved in apoptosis [76] . Moreover, although it is commonly accepted that the phosphorylation of the ERK pathway leads to cell proliferation, activation of ERK1/2 can also be involved in apoptosis [77] . Our results are consistent with aforementioned findings, as we found increased phosphorylation of all three members of MAPK signalling pathway in 1C-treated cancer cells.
Furthermore, the involvement of ROS in activation of mitogen-activated protein kinases (MAPKs) pathway has been proposed [78] . Our results support this hypothesis. As shown here, co-treatment of cells with NAC significantly decreased phosphorylation of p38 MAPK, ERK1/2, and JNK and partially suppressed activation of apoptosis machinery and decreased 1C-induced cell death. These results are in agreement with those published by Wang et al. [79] , who found that new chalcone SL-4 induced apoptosis in human cancer cells through increased production of ROS and activation of the MAPK signalling pathway.
Conclusions
Our study showed that acridine chalcone 1C has an antiproliferative and pro-apoptotic effect against colorectal cancer HCT116 cells through ROS generation. Mechanistically, 1C increased ROS production with concomitant mitochondrial dysfunction associated with loss of MMP, release of cytochrome c, and Smac/DIABLO proteins with subsequent caspase-3 and -7 activation and apoptosis. Moreover, treatment of HCT116 cells with 1C led to the activation of the MAPK signalling pathways.
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